Genetic and environmental variation in carbon isotope discrimination (A), photosynthetic gas exchange, growth and activities of phosphoenolpyruvate carboxylase (PEPC) and ribulose-1,5-bisphosphate carboxylase (Rubisco) were studied in four sugarcane clones grown under three different irrigation regimes for 65 d in a greenhouse. A of the uppermost fully expanded leaf increased with decreasing irrigation frequency and exhibited genetic variation at all irrigation frequencies. Concurrent measurements of leaf gas exchange characteristics suggested that variation in \ was attributable to variation in bundle sheath leakiness to CO 2 (<D) because the ratio of intercellular to ambient partial pressure of CO 2 remained relatively constant except at the lowest level of water availability. Carboxylase assays performed on two genotypes revealed significant genetic variation in Rubisco activity, but no genetic variation in PEPC activity. The Rubisco:PEPC activity ratio, an index of C 3 :C 4 cycle activity, therefore varied genetically. Rubisco: PEPC activity declined significantly with decreasing irrigation frequency. Both A and 0 were negatively correlated with genetic and environmental variation in Rubisco: PEPC activity. Taken together, these results suggest that variation in A in sugarcane is governed largely by relative leakage of CO 2 from the bundle sheath mediated by changes in Rubisco:PEPC activity. C0 2 assimilation (4) and shoot growth rate [SCR) were negatively correlated with A and <P, but positively correlated with Rubisco: PEPC activity. Thus, A can serve as an integrated measure of underlying variation in photosynthetic biochemistry associated with variation in performance at the whole plant level in sugarcane and probably other C 4 species.
Introduction
Discrimination (A) against the stable isotope 13 C is a useful measure for evaluating inter-and intra-specific variation in photosynthetic gas exchange. In plants with the C 3 pathway of photosynthesis, A has also been used in numerous studies to determine genotypic variation in water use efficiency, and to characterize responses of photosynthesis and growth to drought, salinity and other environmental stresses (reviewed by Farquhar et al, 1989; Ehleringer et al, 1993 and references cited therein). However, there are relatively few published studies in which genetic and environmental variation in A in C 4 species has been examined (Bowman et al, 1989; Hubick et al, 1990; Henderson et al, 1992; Walker and Sinclair, 1992; Meinzer et al, 1994; Ranjith et al, 1995) . In contrast with many C 3 species, photosynthesis, growth and yield appear to be negatively correlated with A in C 4 grasses (Bowman et al, 1989; Hubick et al, 1990; Wong and Osmond, 1991; Meinzer et al, 1994; Buchmann et al, 1996) .
Theoretical models predict that variation in A of C 4 plants can arise from changes in p lt p a , the ratio of intercellular to ambient partial pressure of CO 2 , and <P, the fraction of CO 2 originally fixed by phosphoenolpyruvate carboxylase (PEPC) in the mesophyll that leaks out of the bundle sheath cells to the mesophyll without being refixed by Rubisco (Farquhar, 1983) . Evidence on whether genetic and environmental variation in A of C 4 species is caused by changes in p xj p t , 0, or both, is scarce and inconsistent. In one recent study, A of C 4 species measured using on-line techniques, was reported to vary linearly with p lt p n without noticeable change in 0 . However, earlier studies using similar on-line techniques for measurement of A during gas exchange, contain evidence for substantial variation in 0 associated with variation in A (Evans et al, 1986; Bowman et al, 1989) . In another recent study it was concluded that variation in A of sugarcane grown under salinity was associated primarily with variation in <t> rather than P\p & (Meinzer et al, 1994) .
Differences in 0 among C 4 species have been hypothesized to be partly attributable to anatomical variation, specifically the presence or absence of suberized lamellae in the bundle sheath cells (Hattersley, 1982) . However, recent evidence suggests that species with suberized lamellae do not have lower 0 than species without suberized lamellae . In addition to its dependence on the physical conductance of the bundle sheath cells to CO 2 , 0 also depends on the balance between PEPC activity in the mesophyll and Rubisco activity in the bundle sheath (Peisker and Henderson, 1992) . Environmental and genetic factors that influence partitioning of carboxylase activity between Rubisco and PEPC should, therefore, have profound effects on 0, A and photosynthetic performance in C 4 plants. Consistent with this, Ranjith et al. (1995) found highly significant negative correlations between 0, A and the Rubisco: PEPC activity ratio in sugarcane grown at different levels of nitrogen availability. Photosynthesis and total dry weight accumulation were positively correlated with genetic and environmental variation in the Rubisco: PEPC activity ratio in their study. In an earlier study, Sasakawa et al (1989) reported that increasing A from the base to the tip of maize leaves was positively correlated with increases in both PEPC and Rubisco content. Variation in A could not be partitioned between 0 and PiiP a , however, because leaf gas exchange and carboxylase activities rather than content were not measured concomitantly.
The principal objectives of the present study were to determine how soil water availability and genetic factors influence partitioning of carboxylase activity in the C 4 grass sugarcane, and to evaluate the consequences of this partitioning for photosynthetic performance, A, and growth. These objectives were achieved through concurrent measurements of growth, leaf tissue A, photosynthesis, and carboxylase activities in four contrasting sugarcane cultivars grown under three irrigation regimes.
Materials and methods

Plant material and growing conditions
Four sugarcane (Saccharum spp. hybrid) cultivars, H65-7052, H69-8235, H73-6110, and H78-7234 were selected on the basis of differential resistance to drought and phenotypic differences observed in the field. Cultivar H65-7052 is classified as droughtsusceptible, whereas H69-8235 is classified as drought-resistant based on relative yield in a drought screening test. Cultivar H73-6110 is droopy-leaved with a spreading growth habit, whereas H78-7234 is erect-leaved with an upright growth habit. Their drought resistance relative to H65-7052 and H69-8235 was unknown. Single stem segments containing one lateral bud (seedpiece) were sown in 11 dm 3 plastic pots filled with 4:4:1 (by vol.) mixture of clay soil, commercial potting mix and volcanic cinders. The plants were maintained inside a glasshouse where the day/night temperature regime was typically 35/23 °C throughout the experimental period. NPK fertilizer (16-16-16 ) was first applied 1 month after planting and once a month thereafter. Plants were automatically drip-irrigated to drainage with tap water twice daily until 2 months after planting when two new irrigation regimes were imposed. Control plants continued to be irrigated twice daily at 12 h intervals, whereas treated plants were irrigated at either 48 h or 72 h intervals during a 65 d period when photosynthetic gas exchange, shoot growth and carbon isotope discrimination were monitored about every 2 weeks. These growing conditions resulted in midday (13:00h) leaf water potential values (measured with a pressure chamber) of -1.22, -1.34 and -1.36 MPa in the 12, 48 and 72 h irrigation regimes, respectively. In a previous study of H65-7052 and H69-8235 grown under similar conditions, leaf water potential of plants from which water was withheld for 72 h did not differ significantly from that of control plants irrigated every 12 h (Saliendra and Meinzer, 1991) . However, leaf water potential in sugarcane is strongly regulated by stomata during incipient soil drying (Saliendra and Meinzer, 1989) . Shoot growth in sugarcane is considerably more sensitive to soil water depletion and begins to decline as soon as 24 h after withholding irrigation under growing conditions similar to those described here (Saliendra and Meinzer, 1991) .
Gas exchange and shoot growth
A portable gas exchange system (LI-6200; Li-Cor, Inc., Lincoln, NE, USA) was used to monitor A, g and p tl p, on 2 d just before leaf samples for carbon isotope discrimination were collected. The youngest fully expanded leaves on five plants were used for gas exchange measurements between 10:00 h and 15:00 h when photosynthetic photon flux density exceeded 1000 fimol m~2 s"
1 . The gas exchange cuvette was sealed around the leaf at a point approximately midway between the ligule and the tip. Shoot growth rate (SGR), i.e. stem plus leaf elongation, was monitored by measuring the increase in height over a known time interval of a reference mark on the innermost visible leaf (Mongelard and Mimura, 1971) .
in each treatment. The remainder of the leaf was left attached to the plant. Leaf samples were pooled according to cultivar and irrigation treatment, oven-dried at 70 °C, then finely ground. Subsamples were combusted and the relative abundance of 13 C and 12 C in the CO 2 produced was analysed by mass spectrometry using the isotope ratio mass spectrometer facilities at the Boston University Stable Isotope Laboratory. Stable carbon isotope composition was expressed as the I3 C: 12 C ratio relative to that of the Pee Dee belemnite standard. The resulting S 13 C (%o, i.e. per thousand) values, reproducible to 0.1%o, were used to calculate isotopic discrimination (/)) as:
( 1) where 8 p is the isotopic composition of the plant material and S. is the isotopic composition of the air (Farquhar et ai, 1989) . The 8 13 C value of the air in the greenhouse was measured at 10:00, 12:00 and 14:00 h on two representative days. For each air sample collection, air was drawn from several locations near the leaves and pumped through a modified 500 cm 3 glass, round-bottom flask for 10 min before the inlet and outlet tubes of the flask were sealed with a torch. The average 8 13 C value for the six air samples collected was -8.1 ±0.1%o. Preliminary analyses of foliar A revealed that between-plant variation was small s.e.= 0.03-0.09%o, n = 5) in this vegetatively propagated clonal material.
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by scintillation counting in a Beckman LS500TD (Beckman Instruments, Inc.) after adding 5 cm 3 scintillation fluid. Inactivated enzyme extracts (65 mm 3 of 1 M HG was added before the addition of assay mixture) were used as controls in each set of assays.
Results
Carbon isotope discrimination increased with decreasing irrigation frequency, and with time elapsed since the imposition of the 48 h and 72 h irrigation regimes (Fig. 1) . Successive data points in Fig. 1 represent different sets of youngest fully expanded leaves. Thus, leaves with progressively higher A values were still being produced in plants irrigated at 48 h and 72 h intervals when the experiment was terminated at 65 d. At the end of the experiment, the erect-leaved cultivar, H78-7234, showed the smallest variation in A with decreasing irrigation frequency, whereas the other three cultivars showed similar ranges of A among irrigation regimes. However, A was always lower in H78-7234 and H69-8235 than in
Bundle sheath leakiness to CO 2 ( <X>)
An equation derived by Farquhar (1983) with a modification by Henderson et al. (1992) was used to estimate <P from foliar A values and measurements of p it p t during gas exchange:
where a (4.4%o) is the fractionation during diffusion of CO 2 in air, b 4 (-5.7%o at 30°C) is the combined fractionation during dissolution of CO 2 to bicarbonate and subsequent fixation by PEP carboxylase, b 3 (29%o) is the fractionation during carboxylation by Rubisco, and ^ (1.8%o) is the fractionation during leakage of CO 2 from the bundle sheath to the mesophyll. Rearranging Equation 2 to give an explicit expression for leakiness yields:
Carboxylase assays
Fresh-frozen leaf samples (1 g), previously ground in liquid nitrogen, were ground in 5 ml of ice-cold extraction buffer (lOOmM Bicine [pH 8.1], 1% PEG 4000 [w/v], 7.5 mM DTT, 1 mM Na 2 EDTA) with a mortar and pestle and clarified by refrigerated-centrifugation for 12 min at 12000 rpm. Aliquots used to determine Rubisco activity were preincubated (1:1) with an activation solution (100 mM Bicine [pH8.1], 20 mM MgCl 2 , 20 mM NaHCO 3 ) at 23 °C for 20 min. To initiate the Rubisco reaction, 200 mm 3 of activated enzyme extract was thoroughly mixed with 800 mm 3 of an assay mixture (100 mM Bicine [pH 8.1], 5 mM DTT, 0.4 mM RuBP, 0.1 mM Na 2 EDTA, 20 mM MgCl 2 , 10 mM NaHCO 3 , and 0.5 M Ci NaH 14 CO 3 ). To initiate the PEPC reaction, 100 mm 3 of original enzyme extract was thoroughly mixed with 900 mm 3 of an assay mixture (lOOmM Bicine [pH8.1], 5 mM DTT, 5 mM PEP, 5 mM Na glutamate, 0.1 mM Na 2 EDTA, 10 mM MgCl 2 , 10 mM NaHCO 3 , and 0.5 ^Ci NaH u CO 3 ). The reactions were terminated by adding 65 mm 3 of 1 M HC1 after 2 min at 23 °C. The reaction vials were then kept in an oven at 50 °C for 2 h to remove the remaining free CO 2 . Radioactivity was measured H65-7052 and H73-6110 at a given irrigation frequency and sampling date. Both A and g of all cultivars decreased substantially with decreasing irrigation frequency. Combined mean values of A and g for all four cultivars at each measurement date are shown in Fig. 2 . In plants irrigated every 12 h, both A and g fluctuated throughout the experiment, but were similar to their inital values when the experiment was terminated at 65 d. In plants irrigated at 48 and 72 h intervals, A and g were still declining at 65 d. The relative stability of leaf gas exchange in the 12 h irrigation treament and the continuous adjustment observed in the 48 and 72 h treatments were consistent with the behaviour of J (Fig. 1) .
SGR declined as the interval between irrigations increased (Fig. 3A) . At 65 d after irrigation treatments were imposed, the relative decline in SGR for H65-7052 and H73-6110 (52% and 46%, respectively) was greater than that for H78-7234 and H69-8235 (45% and 34%, respectively) as irrigation frequency decreased from 12 h to 72 h. The genotypic and water deficit-induced differences in SGR were associated with variation in A and 0 (Fig. 3B, C) , but apparently not p t p t (Fig. 3D) but variation in A was clearly mirrored by changes in 0, rather than p {l p t which remained relatively constant among genotypes as the interval between irrigations increased. Although p it p h appeared to increase slightly when the interval between irrigations increased from 12 h to 72 h (Fig. 3D) , its variation was too small to explain the corresponding increase in A (Equation 1 ). This suggested that variation in 0, rather than pip^, may have been responsible for the genetic and environmental variation in A. SGR and A were negatively correlated with A (Fig. 4) . Unique relationships were obtained across all genotypes and levels of water availability with over 90% of the variation in SGR and A being associated with variation in A. Initially, the relative decline in SGR with increasing A was somewhat greater than that of A, but at the highest values of A the relative decline in A appeared to be greater. SGR and A were also negatively correlated with <P (Fig. 5) because A and 0 covaried strongly (r = 0.998). 
. Shoot growth rate (SGR) and assimilation (A) in relation to carbon isotope discrimination (J) for four sugarcane cultivars irrigated at either 12 h, 48 h or 72 h intervals for 65 d. Vertical bars indicate ±SE for n = 5 (SGR) and n = 20 (A).
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Partitioning of carboxylase activity in sugarcane 911 Carboxylase assays carried out at 31 d after imposition of irrigation treatments revealed significant genetic variation in Rubisco activity and both genetic and environmental variation in the Rubisco:PEPC activity ratio (Table 1) . Rubisco activity was higher in H69-8235 than in H65-7052 at all levels of water availability ( Table 2 ). The Rubisco: PEPC activity ratio was thus always higher in H69-8235 because no significant genetic variation in PEPC activity was detected ( Table 2) . As water availability decreased, Rubisco activity remained essentially constant in both genotypes while PEPC activity increased slightly but not significantly (Table 2) . Covariation in Rubisco and PEPC activity in individual plants resulted in a significant decline in Rubisco:PEPC activity ratios with decreasing irrigation frequency.
Both A and 0 were uniquely associated with the Rubisco: PEPC activity ratio regardless of whether variation in this ratio was genetic or caused by variation in water supply (Fig. 6 ). About 85% of the variation in A and <P was associated with variation in the Rubisco: PEPC activity ratio. The pattern shown in Fig. 6 is consistent with theoretical predictions that the fraction of CO 2 leaking out of the bundle sheath without being fixed by Rubisco should increase as C 3 cycle activity in the bundle sheath decreases in relation to C 4 cycle activity in the mesophyll. Both photosynthetic performance (A) and growth (SGR) were associated with genetic and environmental variation in the Rubisco: PEPC activity ratio (Fig. 7) . The assimilation rate increased by about 90% and SGR by about 45% as relative partitioning of carboxylase activity to Rubisco increased by 40%.
Discussion
In C 4 plants, A is determined largely by <t> and p^^. In the present study, two independent lines of evidence pointed to variation in <2> as the principal source of genetic and environmental variation in A in sugarcane. Concurrent measurements of photosynthetic gas exchange and leaf tissue A suggested that A and <P covaried strongly, independent of variation in p,jP K , which was small. However, values of <P calculated from A and p it p^ using Equation 3 were indirect estimates and may have been influenced by the difference in time-scale associated with measurements of A and p it p n . Nevetheless, assays of carboxylase activities provided additional independent evidence that variation in <P was substantial and responsible for variation in A. Both A and <t> were negatively correlated with the ratio of Rubisco to PEPC activity (Fig. 6) . This relationship is entirely consistent with predictions from theoretical models (Peisker and Henderson, 1992) that A should increase as the activity of Rubisco relative to PEPC decreases because an increasing fraction of CO 2 initially fixed by PEPC and transported to the bundle sheath leaks out without being refixed by Rubisco. As the interval between irrigations increased from 12 h to 72 h, 0 of H65-7052 and H69-8235 increased by an average of 12%, which corresponded to an average 15% decline in the Rubisco: PEPC activity ratio. These changes are in good agreement with a recent model proposed by Peisker and Henderson (1992) , which predicts that a 10% reduction in Rubisco activity relative to PEPC would increase <P by 14%. Under other conditions, variation in pjp n may be the principal cause of variation in A in C 4 species. For example, it was suggested that a l%o variation in S 13 C of maize grown at 30-75% relative humidity was attributed to stomatal influences on pjp m (Madhaven et al, 1991) . In the present study, pjp u did not vary with irrigation frequency in a consistent manner and the total variation in PiJp* was small (Fig. 3) .
The estimates of <P reported here are consistent with those reported by us for sugarcane grown under salinity (Meinzer et al, 1994) and nitrogen stress (Ranjith et al, 1995) , and fall within the range of 0.3-0.4 obtained for other C 4 monocots using A from leaf dry matter and the mean pjp t (Farquhar, 1983; Henderson et al, 1992) . Substantially lower values of 0, ranging from 0.2 to 0.3, were recently obtained from short-term measurements of A and pjp a during leaf gas exchange . Based on these results, it was suggested that variation in 0 among C 4 species and subtypes may be insignificant and that differences among species in carbon isotope fractionation occurring after photosynthesis may be responsible for the higher values of A and <t> estimated from leaf dry matter and instantaneous measures of pjp* than those estimated from short-term measurements of A during gas exchange. However, earlier studies using similar on-line techniques for measurement of A and gas exchange have reported <P values >0.3. For example, Evans et al. (1986) estimated <t> of Amaranthus edulis to be 0.34 and obtained good agreement between short-term and dry matter determinations of A for A. edulis and Zea mays. In a subsequent study, the relationship between short-term measurements of A and pjp x in A. edulis yielded a slope of about zero . According to Equation 1, this is consistent with a 0 value of about 0.35. In yet another study, the average <P of saltstressed Andropogon glomeratus plants was approximately 0.43 and exhibited significant diurnal variation during on-line measurements of gas exchange and A (Bowman et al, 1989) . Values of <P estimated for Amaranthus edulis and Andropogon glomeratus using on-line techniques were thus similar to those estimated for other C 4 species using A from dry matter and meanpjp a . Previous measurements of systematic variations in quantum yields for CO 2 uptake among different C 4 subtypes and among C 4 monocots and dicots (Ehleringer and Pearcy, 1983) provide further evidence for variation in <P. Leakage of previously fixed CO 2 from the bundle sheath to the mesophyll cells reduces quantum yield by increasing the ATP requirement for C 4 acid formation. Taken together, the evidence discussed here points to significant variation in <P in C 4 plants which leads to significant variation in A, photosynthetic performance and growth.
Environmental stress may cause activities of both the C 3 and C 4 carboxylation pathways to change concurrently, either in parallel, or in opposing directions. Alternatively, the activity of either carboxylase could remain constant while that of the other varies. Because all of these permutations would affect the efficiency of C 4 photosynthesis, the ratio of Rubisco to PEPC activity rather than the activity of either carboxylase alone would be a more meaningful criterion for linking adjustments in photosynthetic biochemistry with whole plant responses to stress. The utility of the Rubisco: PEPC activity ratio as an index of photosynthetic performance and growth was clearly evident in the present study. Strong, positive correlations were obtained between the
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Rubisco:PEPC activity ratio and both A and SGR as irrigation frequency varied from 12 h to 72 h (Fig. 7) . Plots of A and SGR against Rubisco activity alone would not have yielded a significant correlation because Rubisco activity remained essentially constant as irrigation frequency decreased from 12 h to 72 h. Because PEPC activity increased slightly but not significantly with decreasing irrigation frequency, plots of A and SGR against PEPC activity alone would have yielded counterintuitive negative correlations.
The Rubisco: PEPC activity ratios obtained for sugarcane in the present study (0.53-0.74) are higher than those reported for a number of C 4 species. For example, this ratio varied between approximately 0.1 and 0.2 in a comparison of 10 C 4 species (Usuda et al, 1984) and in Amaranthus retroflexus it varied from 0.14 in plants grown under high-nitrogen to 0.25 in plants grown under low-nitrogen (Sage et al, 1987) . The higher Rubisco:PEPC activity ratio in sugarcane is consistent with its higher pjp n (0.4 to 0.6, Fig. 3 ) than in some C 4 species . Other C 4 species exhibit operating ranges of p tl p a similar to that of sugarcane (Evans et al, 1986; Bowman, 1987; von Caemmerer and Hubick, 1989) , but their Rubisco:PEPC activity ratios have not been measured concurrently with gas exchange. The available data are thus insufficient to draw generalizations about the magnitude of genetic and environmental variation in the Rubisco:PEPC activity ratio in C 4 plants and its relationship to p it p n and other gas exchange characteristics. In droughted sugarcane, the Rubisco: PEPC activity ratio decreased. This adjustment should diminish the effect of reduced g on CO 2 uptake in droughted plants if Rubisco activity remains constant as PEPC activity increases. Under adequate water supply, higher ratios of Rubisco to PEPC activity may be optimal for photosynthesis and growth as Rubisco activity will always limit A when the Rubisco: PEPC activity ratio is less than one (Fig. 7) .
Genetic and environmental variation in the Rubisco:PEPC activity ratio in sugarcane may have resulted from abscisic acid-mediated variation in expression of the PEPC gene. ABA is known to accumulate in droughted plants and has been shown to alter gene expression (Bray, 1993) . ABA has been implicated in the induction of PEPC by salinity and drought in CAM plants (Chu et al, 1990; McElwain et al, 1992; Taybi et al, 1995) , but the relationship between ABA content, PEPC gene expression and PEPC activity in C 4 plants has not been documented.
These results confirm that large genetic and environmental variations in performance of C 4 plants are associated with small but significant variation in A. In the sugarcane genotypes studied, higher rates of growth and photosynthesis were strongly associated with maintenance of lower A and higher Rubisco: PEPC activity ratios under both adequate and limited water availability.
Variation in A appeared to be governed largely by relative leakage of CO 2 from the bundle sheath, mediated by changes in the balance between C 3 cycle activity (Rubisco) in the bundle sheath and C 4 cycle activity (PEPC) in the mesophyll rather than by changes in the physical properties of the bundle sheath. These results are consistent with previous studies of sugarcane genotypes subjected to salinity (Meinzer et al., 1994) and nitrogen stress (Ranjith et al., 1995) , and suggest that common mechanisms may be involved in general responses and differential resistance to a range of environmental stresses. It is suggested that in addition to its potential as a screening criterion for identifying superior genotypes of C 4 crops, A can be used as a sensitive indicator of underlying variation in photosynthetic biochemistry (Rubisco: PEPC activity) associated with variation in performance at the whole plant level. Elucidation of the factors governing partitioning of carboxylase activity between Rubisco and PEPC in C 4 crops should prove useful for genetic improvement programmes.
